Summary As part of a study aimed at understanding the physiological and molecular mechanisms involved in adventitious shoot bud formation in pine cotyledons, we conducted a transcriptome analysis to identify early-induced genes during the first phases of adventitious caulogenesis in Pinus pinea L. cotyledons cultured in the presence of benzyladenine. A subtractive cDNA library with more than 700 clones was constructed. Of these clones, 393 were sequenced, analyzed and grouped according to their putative function. Quantitative real-time PCR analysis was performed to confirm the differential expression of 30 candidate genes. Results are contrasted with available data for other species.
Introduction
In conifers, adventitious shoot formation is induced by culturing cotyledon explants in the presence of cytokinins (Thorpe 1993) . Shoot organogenesis, also known as caulogenesis, from detached pine (Pinus spp.) cotyledons is direct, and histological studies of differentiating cotyledons show that shoot primordia develop de novo from sub-epidermal layers of the cotyledonary surface (Villalobos et al. 1985 , López et al. 1996 . These explants are fully competent to respond to inductive hormones and do not require a de-differentiation phase as is necessary in other models, such as Arabidopsis thaliana (Flinn et al. 1988 ).
The caulogenesis model established for Pinus pinea L. cotyledons is a well characterized system for studying the control of in vitro shoot organogenesis in conifers at the physiological level (Valdés et al. 2001 , Moncaleán et al. 2005 ). In the P. pinea model, the caulogenic process is induced by benzyladenine (BA) as the sole hormone in the shoot-induction medium and the caulogenic response is highly efficient and synchronous. Shoot determination and shoot development phases have been determined by performing medium transfer experiments and analyzing the uptake and metabolism of BA (Moncaleán et al. 2005) . Metabolism of BA in P. pinea cotyledons shows three phases. During the first phase, BA is absorbed from the medium, reaching a peak concentration at around 16 h, which precedes the beginning of cell proliferation. From Day 2 to 8, endogenous BA concentration tends to match the BA concentration in the medium. After eight days of culture no significant changes in BA metabolism occur. The BA peak at 16 h indicates the time when the cells become determined as shoot meristem precursors. The measure of cell determination relates to the average state of determination for the entire explant (Hicks 1994) . The cells involved in organ initiation are included within a mass of non-responding cells, which hampers the study of the organogenic process in finer detail (Thorpe 1980) . Previous studies on organogenesis in conifers have taken a physiological approach (Flinn et al. 1989 , Valdés et al. 2001 , Moncaleán et al. 2005 ). However, a molecular approach has been lacking, and no studies have described the initial switch in the developmental program of non-meristematic cells leading to the formation of buds in response to exogenous application of cytokinin. In angiosperms, molecular interactions have been found among cytokinin signal transduction, the cell cycle and shoot meristem development (Rupp et al. 1999 , Riou-Khamlichi et al. 2000 , but always in regeneration systems that require an initial de-differentiation stage in an auxin-rich medium.
A model integrating cytokinins and the diverse gene path-ways involved in shoot development has been proposed (Howell et al. 2003 , Zhang et al. 2004 , in which the cytokinin signal is perceived by three membrane-located sensor histidine kinases (Heyl and Schümilling 2003) . The signal is further transmitted by a multi-step phospho-relay system via histidine phospho-transfer proteins to nuclear response regulators, which can activate or repress transcription. Several regulatory genes have been identified during shoot meristem development, including maize KNOTTED1 (KN1; Vollbrecht et al. 1991) , its orthologue in Arabidopsis KNAT1, SHOOT MERISTEMLESS (STM; Long et al. 1996) , WUSCHEL (WUS; Laux et al., 1996) and CLAVATA1-3 (CLV1-3; Leyser and Furner 1992, Kirsten et al. 2005) . These genes alone cannot sustain ectopically formed shoot meristems (Gallois et al. 2002 , Howell et al. 2003 .
In this paper, we describe the application of the suppression subtractive hybridization (SSH) technique (Diatchenko et al. 1996) to identify early-induced genes during the first phases of adventitious caulogenesis in P. pinea cotyledons treated for 16 h with BA (Moncaleán et al. 2005) . A subtractive cDNA library was constructed, and selected expressed sequence tags (ESTs) were clustered according to their putative function. Differential expression of several candidate genes was confirmed by quantitative real-time PCR (RT-PCR) analysis. Based on this approach, we discovered genes that were preferentially expressed in P. pinea cotyledons 16 h after induction with BA. Most of them have not been reported previously to be associated with adventitious shoot development.
Materials and methods

Explant source
One-year-old mature seeds from open-pollinated stone pine (Pinus pinea L.) trees growing in a natural stand (Meseta Norte region, Spain) were provided by the "Servicio de Material Genético del Ministerio de Medio Ambiente" (Spain). After removal of the seed coat, seeds were surface sterilized by immersion in 7.5% H 2 O 2 for 45 min, followed by three rinses in double-distilled water. Seeds were then imbibed on moistened sterile paper for 48 h at 4°C to facilitate dissection of the embryos according to Humara et al. (1999) .
Bud induction
After removal of the megagametophyte, cotyledons were excised from the embryos and placed horizontally in baby food jars containing 20 ml of bud induction medium (1/2LP), with or without 44.4 µM of BA (Moncaleán et al. 2005) . The bud induction medium consisted of half-strength Le Poivre medium (1/2LP), as modified by Aitken-Christie et al. (1988) , with 0.8% (w/v) agar (Roko S.A., A Coruña, Spain) and 3% (w/v) sucrose (Humara et al. 1999) . Before autoclaving, the pHs of all media were adjusted to 5.8. Cultured cotyledons were maintained for 16 h in a growth chamber at 25 ± 1°C, weighed and immediately frozen in liquid nitrogen and stored at -70 °C.
Subtractive cDNA library construction
For each experiment, about 500 (2 g fresh mass) from frozen BA-treated and untreated P. pinea cotyledons were powdered in a mortar with a pestle and total RNA was extracted by the LiCl precipitation method (Chang et al. 1993 ). The RNA concentration was determined by spectrophotometry and its quality assessed by denaturing fomaldehyde-agarose gel electrophoresis. Double-stranded cDNA was produced from about 2 µg of total RNA using the template switch mechanism at the 5′ end (Smart) and long-distance PCR (LD-PCR) (BD Biosciences, Clontech Laboratories, Palo Alto, CA). To preserve the original relative transcript abundance, the optimal LD-PCR cycle number was empirically determined for each RNA sample to ensure that the cDNA remained in the exponential phase of amplification. We performed SSH with the PCR-Select cDNA Subtraction Kit (BD Bioscience Clontech). Briefly, cDNA samples were separately digested with RsaI to generate short blunt-ended molecules. Tester cDNA was produced from RNA isolated from BA-treated P. pinea cotyledons, and the driver cDNA population was made with RNA from untreated cotyledons. A tester population with specific adaptors was made, but no adaptors were ligated to the driver cDNA. Subsequent hybridization steps were carried out to equalize the sequence populations and enrich for tester-specific sequences, yielding templates for PCR amplification. A subtracted cDNA pool, theoretically enriched in up-regulated cDNAs from the RNA population of BA-treated cotyledons was obtained.
The SSH library was constructed by ligation of the subtracted cDNAs into the pGEM-T Easy vector (Promega, Madison, WI). The ligation mixture was transformed into competent JM 109 Escherichia coli cells and plated onto LB agar containing 100 µg ml -1 ampicillin, 1 mM isopropyl-D-thiogalactopyronoside (IPTG) and 80 µg ml -1 X-gal, and incubated at 37°C overnight. White colonies, containing recombinant cDNA, were selected and cultured in 100 µl of LB broth containing ampicillin in 96-well plates. After overnight culture, 50% glycerol was added and the plates were gently shaken and then stored at -70 °C.
cDNA sequencing, EST generation and analysis
To generate an EST collection from BA-treated P. pinea cotyledons, aliquots from the bacterial stocks arranged in 96-well plates were used as template for PCR reactions with T7 and SP6 primers. Amplification products were purified with GFX PCR purification kit (Amersham Biosciences, U.K.) before sequencing. Automated fluorescence sequencing was performed at the Oviedo University DNA Analysis Facility, using the BigDye 3.1 Terminator chemistry on an ABI PRISM 3100 Genetic Analyzer platform (Applied Biosystems, Foster City, CA). Sequences were edited manually to remove contaminants from the vector, primer sequences and polyA tails. Sequences of less than 200 bp were excluded from further analysis.
Similarity searches were performed with the BLASTX program (Altschul et al. 1997 ) against two public databases: National Center for Biotechnology Information and The Institute for Genomic Research Pinus Gene Index. The degree of sequence similarity between the cDNA clone and a known sequence is represented by the BLASTX probability E-value. Alignments with E-values < e -10 and scores > 65 bits were considered to have significant similarity to other genes in the database. The database hit with the lowest E-value for each EST was manually assigned as the putative identity and cellular function of the EST. The functional categories are based on the MIPS standard (Schoof et al. 2002) and the TAIR GO annotation search (http://arabidopsis.org).
Quantitative real-time-PCR analysis
To confirm the differential expression of several candidate genes, quantitative RT-PCR analyses were performed with BA-treated and untreated cotyledons from five independent induction experiments. To minimize mRNA loss and avoid DNA contamination, isolated polyA+ RNA was used as a template for first-strand synthesis before RT-PCR. Poly-adenylated (A + ) RNA was prepared using Dynabeds oligo(dT) 25 (Dynal, Oslo, Norway) following the manufacturer's instructions. The cDNA first strand synthesis was performed with 350 ng of polyA+ RNA at 55°C for 1 h with Superscript III RT (Invitrogen) and oligo-dT as a primer, and then diluted 6-fold for subsequent amplification of each sample. Real-time PCR was carried out on a Bio-Rad iCycler (Bio-Rad Laboratories) under the following conditions: 95°C for 15 min (1 cycle), 95°C for 15 s, 55°C for 30 s and 72°C for 30 s (45 cycles). Individual reactions were assembled with oligonucleotide primers (0.30 mM each), 10 µl of 2× QuantiTec SYBR Greeen PCR Master Mix (Quiagen, Valencia, CA) plus 1 µl of diluted cDNA in a final volume of 20 µl. Data analysis was partially carried out by the iCycler software, which produced threshold cycle values (Cts) for each gene. A melting curve (55-95°C with heating rate of 0.5°C per 10 s and a continuous fluorescence measurement) was recorded at the end of every run to assess amplification product specificity (Ririe et al. 1997) . Gene-specific primers were designed based on ESTs (primer sequences available on request). For each EST, three reactions were carried out. All reactions were performed at least twice. The Bio-Rad gene expression macro version 1.1 software (Bio-Rad Laboratories) was used to calculate relative gene expression by means of the comparative cycle threshold method (Pfaffl 2001 , Livak et al. 2001 ) with normalization of data to the geometric average of three internal control genes (Vandesompele et al. 2002) . The controls were amplified with primers designed with sequences from Pinus pinaster Ait. ubiquitin (Accession no. AF461687), Pinus taeda L. actin, (Accession no. AY172979) and Pinus taeda a-tubulin (Accession no. AY670521).
Accession Numbers
The sequences reported in this paper have been deposited in the dbESTs database of the National Center for Biotechnology Information (http://www.ncbi.nih.gov/dbEST/index.html; Accession nos. EC428477-EC428747 and EC611867-EC611-884).
Results
EST sequencing and analysis
The EST collection was generated from Pinus pinea cotyledons treated with BA for 16 h, coinciding with the first peak of BA uptake (Moncaleán et al. 2005) . After the construction of the SSH library, 700 subtracted cDNA clones were randomly selected for analysis. After amplification and gel electrophoresis analysis, the sizes of the inserts ranged from 150 to 2100 bp, with most fragments between 500 and 1000 bp. After discarding short fragments (< 200 bp), cDNAs from 393 clones were sequenced and compared to identify genes putatively involved in shoot organogenesis in P. pinea cotyledons. The comparison showed that 240 of 393 ESTs were unique or non-redundant (39% redundancy). The deduced amino acid sequences of 155 (64.5%) showed high homology (E-values < 1e
-10 and Blast score > 65 bits) to sequences in public databases, whereas 85 (35.5%) showed no significant similarity to any available sequence.
BlastX results for the 155 sequences with significant homologies are grouped by their putative function in Table 1 . The ESTs were named Pp (for P. pinea) followed by the code corresponding to the clone in the SSH library. BlastX revealed that some of the subtracted cDNAs had similarities to several previously reported shoot-induction or development-related genes, including CLAVATA1 receptor kinase (Kirsten et al. 2005) , PASTICCINO1 (PAS1; Vittorioso et al. 1998 ), Enhancer of Shoot Regeneration (ESR1; Banno et al. 2001) , No Apical Meristem (ATAF-1/NAM; Takada et al. 2001 ), small nuclear ribonucleoprotein complex U1 (U1 snRNPc; Golovkin et al. 1998 ) and phosphoglycerate mutase (PGM; Mazarei et al. 2003) . In addition, we identified a number of shoot-induction-related ESTs putatively encoding various zinc-finger-like proteins, several histone coding genes, ras-related GTP binding proteins, senescence associated proteins, the transcription factors WRKY and MYC, and splicing factors.
The proportion of ESTs belonging to each functional category is shown in Table 1 . The largest set of sequences (20%) was assigned to the translation category. The ESTs putatively involved in transduction mechanisms (13.5%) and cell defence, rescue and aging (13.5%) formed the second and third largest groups.
Thirty-one cDNAs were classified in a functional category for translation: most were ribosomal proteins. However, we also annotated two translation initiation factors (eIF3d and eIF4a), a nucleoside diphosphate kinase, a threonyl-tRNA synthetase, a nascent polypeptide associated complex alpha chain and one QM-like protein.
The signal transduction mechanism category contained a large number of diverse sequences (13.5%). These included deduced amino acid sequences similar to a G-protein coupled receptor, three ras-related GTP-binding proteins, TGF-beta receptor-interacting protein, NEP1-interacting protein, ras-related GTP-binding protein, CLAVATA1-like LRR receptor kinase, one OGT protein, FK506-binding protein/PASTICC-INO, a histidine-containing phospho-transfer protein 2 (hpt2 TREE PHYSIOLOGY VOLUME 27, 2007 Continued on facing page. Twenty cDNAs were found to be involved in cell rescue, defence and aging. Two senescence-associated proteins, three heat shock proteins, two superoxide dismutases, an ascorbate peroxidase and three proteins associated with the plant disease resistance response represent some of them.
Ten percent of the differentially expressed cDNAs in our library correspond to ESTs with deduced amino acid sequence similarity to transcription factors. Among them, five zinc finger proteins (including members of the PGF, C2H2 and PHD families), an SNF2 domain-containing protein, G10 protein, DNA binding protein ACBF, brassinoesteroid signalling positive regulator, an AP2 domain protein closely related to ERF/EREBP class, an NAM/ATAF1 protein and one WRKY transcription family. Among those related to transcription, U1 small ribonucleoprotein C seems to be the most relevant (Golovkin et al. 1998) .
About 9% (14) of the differentially expressed cDNAs in the SSH were involved in energy production and conversion, including genes encoding phosphoglycerate mutase, hydroxypyruvate reductase, acetyl-CoA-acyltransferase, vacuolar ATP synthase, phosphoenolpyruvate carboxykinase and glyceraldehyde-3-phosphate dehydrogenase.
Only 5% of the total ESTs with a putative function are related to lipid, amino acid and carbohydrate metabolism. Several cDNAs involved in protein fate, such as AAA-type ATPase and a secretory carrier membrane protein that are related to transposable elements (gypsy-like retroposon IFG7), posttranslational modification (fucosyltranserase) or cell envelope and outer membrane (XET2), were present but did not represent more than 3% of the total cDNAs differentially expressed. Finally, 9% of ESTs with a putative function correspond to proteins with unknown biological function in plants such as PIR7A, TCTP, a protein related to GNS1/SUR4 family, or a GYF domain-containing protein.
Verification of differential expression by quantitative real-time PCR
To exclude false-positive clones and to provide further data on the relative expression levels of the cloned cDNAs, quantitative RT-PCR was undertaken. Thirty ESTs, selected for their similarity to a gene involved in developmental processes, signal transduction or transcriptional regulation were analyzed. Data for the 30 ESTs assayed (Table 2 ) are presented as fold-induction relative to untreated control cotyledons and normalized to the internal control values of ubiquitin, actin and tubulin.
Of the 30 ESTs analyzed, 66% were differentially expressed (fold change > 2) in BA-treated cotyledons. Pp1F3, Pp1H12, Pp6G12 and Pp6F6, belonging to the signal transduction mechanism category, showed increased transcript abundance. Within the transcription category, 15 ESTs were screened by RT-PCR to confirm their differential expression. Of these, nine with similarity to transcription factors showed differential expression, of which Pp6G11, Pp3H4, Pp6A11, Pp4B1, Pp4H8, Pp7E1, Pp7G8 and Pp4D4 were up-regulated, whereas Pp4D10 was down-regulated. Pp2H3 and Pp3H2 were also expressed more than twofold in BA-treated cotyledons compared with untreated cotyledons. Pp2E2, included in the translation functional category, Pp3B8, Pp2B12 and Pp7F1 with homology to proteins with unknown biological function were also up-regulated in BA-treated cotyledons.
Discussion
The complexity of adventitious bud induction suggests that a large number of genes are involved in the process. This is especially true during initiation, when some cells have the ability to recognize a cytokinin signal that commits them to the caulogenic program. In this study, we used the SSH strategy to isolate early-induced genes involved in de novo shoot formation from Pinus pinea cotyledons treated for 16 h with BA. Some of the genes (e.g., CLAVATA1) have been related to caulogenesis in monocots and dicots (Bommert et al. 2005) , suggesting the conservation of this process in gymnosperms and angiosperms. One quarter of the ESTs found in our library are in the signal transduction and transcription factor categories, highlighting the complexity of adventitious bud induction. Several of these genes are overexpressed in BA-treated stone pine cotyledons and are related directly or indirectly with the regulation of transcription and signal transduction by cytokinins such as Pp6G2. The latter EST was found to be similar to PAS1 (E-value of 3e -54 ), a gene that encodes an immunophilin-like protein (FK506) involved in the determination of the sensitivity of cell division to cytokinin (Faure et al. 1998 .
Organogenesis at the shoot meristem requires a delicate balance between stem cell specification and differentiation. Clone Pp6F6 of our SSH library has high similarity (1e -49 ) with CLV1 a gene encoding a leucine-rich receptor kinase from Medicago truncatula. In Arabidopsis thaliana, the CLV1, CLV2 and CLV3 loci appear to promote differentiation by repressing WUSCHEL (WUS), a key factor promoting stem cell identity expression (Kirsten et al. 2005) . According to Cary et al. (2002) , CLV1 is expressed during shoot development in Arabidopsis root explants, and before any organization of the shoot apical meristem is evident. Gallois et al. (2002) observed its expression only in Arabidopsis hypocotyls and in cotyledons in the initial phases of ectopic organ formation and proposed it as an apical meristem central zone marker. Pinus pinea cotyledons cultured in shoot-inducing medium for 16 h showed a fivefold increased expression of Pp6F6 (Table 2). This differential expression may indicate that meristematic cell identity is established in the first hours of culture with BA.This is the first time that an increase in CLV1 expression has been directly linked to in vitro adventitious shoot induction.
Other ESTs isolated with sequence similarity to transcription factors included Pp7G8, Pp4D4, Pp3H4 and Pp7A4. Pp7G8 is similar (E-value of 1e -58 ) to a gene encoding a transcription factor containing the SNF2 domain and displayed a twofold increase in expression in our system in response to BA induction of caulogenesis (Table 2) . Transcription factors containing the SNF2 domain are involved in chromatin remodel-1728 ALONSO ET AL.
TREE PHYSIOLOGY VOLUME 27, 2007 ing, regulating the access of trans-acting transcriptional regulators or are components of the general transcription machinery to the packaged genome (Emerson 2002, Kadam and Emerson 2002) . Because this process is essential for the reprogramming of transcription associated with development and cell differentiation, it seems to be related to induction or determination events or both. Moreover, AtBRM, a member of this family in Arabidopsis, is primarily expressed in meristems, organ primordia and tissues with active cell division and is directly related to shoot development (Farrona et al. 2004) . We found ESTs with homology to genes related to transcription machinery and splicing. Clone Pp7A4 has a high similarity (E-value of 6.9e -92 ) to ATAF1 (Arabidopsis Transcription Activator Factor-1) an apparent orthologue of NO APICAL MERISTEM (NAM) gene in petunia. ATAF1 seems to be similar in its expression pattern and developmental roles to CUC1 and CUC2 (Souer et al. 1996) , which have been shown to be essential for meristem formation (Aida et al. 1997 , Takada et al. 2001 , in particular, overexpression of CUC1 is enough to induce ectopic shoot formation in transgenic plants (Takada et al. 2001) . Because NAM/ATAF1 expression is limited to a ring around the developing stem apical meristem (SAM), the presence of a clone with a sequence identity of 70% with an ATAF1 domain containing protein in our SSH library seems to validate our experimental system and suggests the induction of SAM primordia after 16 h of induction in the presence of BA.
Another EST upregulated at the onset of shoot organogenesis is Pp6G11; its transcript levels increase twofold after 16 h of BA-treatment in P. pinea cotyledons (Table 2 ). It contains a domain with a high (E-value of 7.2e -95 ) sequence similarity to the AP2/ERBP domain found in a family of transcription factors in higher plants Shockey 1999, Riechmann et al. 2000) . Whereas AP2/ERBP domain of Pp6G11 is most similar to the AP2-related transcription factor from Pinus taeda, Pp6G11 does not display sequence homology with any known protein outside of the AP2 domain. One of the proteins containing the AP2/ERBP domain is Enhancer of Shoot Regeneration 1 (ESR1) described by Banno et al. (2001) . ESR1 has a key role during in vitro shoot formation by regulating CUC1 transcription. Whether Pp6G11 is an orthologue of ESR1 requires further investigation.
Finally, one of the most differentially expressed clones is Pp6A11 (8.3 ± 2.8), which has a BLASTX similarity (E-value of 1e
-60 ) to a gene encoding a DNA-binding protein ACBF from Nicotiana tabacum. The deduced amino acid sequence of ACBF contains a long repeat of glutamine residues characteristic of a certain type of transcription factor. Séguin et al. (1997) were the first to describe this protein and demonstrate its capacity to bind to the AC-rich region of the cis regulatory elements of the promoter. Besides, they reported that ACBF mRNA was present in all tissues examined, but the highest transcript accumulation occurred in stem tissues.
These findings suggest that ACBF could bind to more than one promoter element involved in the transcriptional regulation of specific genes during shoot induction. Although, ACBF has been associated with petal development and xylogenesis (Laitinen et al. 2005 ), a sequence with similarity to ACBF has never been related to caulogenesis.
Most of the genes mentioned above are involved in developmental regulation, but there are few reports of their involvement in adventitious shoot induction in conifers. The absence of genomic data, the difficulty of developmental induction in conifers and the lack of molecular tools especially designed for gymnosperms hampers gene regulation studies in these species. In this work we tried to establish a basis for further studies on the genetic regulation of adventitious bud formation in conifers. Expression profiling with microarrays (now in progress) together with in situ hybridization, would cast light on the process that leads to the formation of a meristem from a group of undifferentiated cells.
